physiological regulators of ERG channels in the heart remain to be identified. In contrast, in native lactotrophs Conclusions: Rho stimulation by G 13 -coupled receptors and in clonal pituitary cell lines, ERG channels are known and Rac stimulation by nuclear hormones through PI3-to be suppressed by G protein-coupled receptors for kinase may be general mechanisms for regulating ion the hypothalamic neuropeptide, thyrotropin-releasing channel activity in many cell types. Disruption of these hormone (TRH), which stimulates excitability and secrenovel signaling cascades is predicted to contribute to tion [13]. Our study began as an investigation of the several specific human neurological diseases, including mechanism of ERG channel inhibition by TRH. epilepsy and deafness.
Introduction Results
By determining membrane potential and calcium influx, Potassium current through active ERG channels was ion channels control brain activity, hormone secretion, isolated with the protocol illustrated in Figure 1 (see heart rate, and muscle contractility. In addition, ion Experimental Procedures). Separation was confirmed channels regulate fluid transport across epithelia and with the methane-sulfonanilide E-4031, a class III antiarcell fate in the immune system. Thus, cellular control of rhythmic which selectively inhibits ERG channels [14] . ion channel activity is essential to maintaining physioUnder these conditions, bath application of TRH rapidly logical homeostasis, and inherited mutations in ion reduced the ERG current ( Figure 1B ), producing ‫%05ف‬ channel proteins contribute to many serious human disreduction of the peak current within 3 min of perfusion ( Figure 1C ). Figure  2A ) and did not prevent inhibition by TRH (data not shown). ERG channels were also inhibited acutely by direct intracellular application of active RhoA(63L) protein. When constitutively active RhoA protein (3 g/ml) was included in the patch pipette, the ERG current was reduced to 19% of control values (n ϭ 5/5) within 10 min after beginning dialysis of the cell ( Figure 2B ). Although ERG amplitude also decreased over that timescale in control cells, the reduction of current with RhoA(63L) protein in the pipette was at least three times greater than the rundown observed with the control pipette solution ( Figure 2C ). These results provide the first demonstration of ERG channel regulation by a specific Rho family G protein, and they are consistent with a role for Rho in TRH action. 
Rapid Membrane Signaling by Thyroid Hormone
In the pituitary, the stimulatory effects of hypothalamic TRH on excitability are counteracted in part through feedback inhibition by the thyroid hormone 3, 5, 3Ј-triiodothyronine (T3) [26] . Many of the effects of T3 have been shown to be mediated by binding directly to nuclear receptors of the c-ErbA family of zinc finger transcription factors [26] . However, more recently, many electrophysiological effects of other nuclear hormones have been reported, which occur too rapidly to be explained by nuclear signaling [27] . Thus, we investigated whether T3 could rapidly alter the excitability of GH 4 C 1 cells. Consistent with this idea, bath application of T3 (50 nM) to spontaneously spiking GH 4 C 1 cells acutely and reversibly reduced spike frequency (n ϭ 7/7, Figures 3A and 3B). In contrast, the same concentration of the reverse 3, 3Ј, 5Ј isomer of T3, which binds to the ErbA receptor with much lower affinity [26] , had no effect on spiking in GH 4 C 1 cells (n ϭ 3; data not shown). The reversible changes in excitability were observed within 10 min and seemed too fast to be explained by transcriptional regulation. We also investigated whether T3 modulated ERG channel activity. Bath application of 50 nM T3 rapidly increased inward currents at Ϫ100mV ( Figure  3C ). These larger currents were blocked completely by E-4031, confirming the involvement of ERG channels. Thus, T3 and TRH activate opposing signaling pathways that converge on ERG channel proteins and produce opposite effects on excitability. 
Rac Mediates ERG Stimulation by T3
In view of the opposing actions of Rac and Rho on other processes [8], we postulated that Rac might mediate the effects of T3 on ERG channel activity. We had already observed that transfection with constitutively active Rac1(61L) increased the ERG current in GH 4 C 1 cells (Figure 2A) , in direct contrast to active RhoA(63L), which reduced the current. We confirmed this result by addition of constitutively active Rac1(61L) to the patch pipette ( Figure 4A ). Despite the rundown of the control currents over a period of 10 min, Rac1(61L) protein produced a 63% increase in the current, all of which passed through ERG channels because it was blocked completely by E-4031 ( Figure 4B) . Thus, the opposite effects of Rac1 and RhoA on the ERG channels correspond closely to the opposite effects of T3 and TRH. We tested the involvement of Rac in T3 signaling with a dominantnegative form (17N) of Rac1. Although addition of Rac1(17N) protein to the patch pipette had no significant effect on the basal currents (n ϭ 8; data not shown), expression of Rac1(17N) completely blocked T3 stimulation of ERG channels ( Figure 4C ). In contrast, in control experiments, T3 increased ERG current by 38% Ϯ 14% (n ϭ 5) after expression of the dominant-negative RhoA(19N), which blocked TRH signaling ( Figure 2D ). These results indicate that Rac1 is specifically required for T3 stimulation of ERG channels, but there is no widely accepted mechanism for Rac activation by T3 or by any other nuclear family hormones. However, we noted a recent report that receptors for nuclear family hormones, including T3, activate PI3-kinase directly through binding to the p85 regulatory subunit [28] . Activation of PI3-kinase has been shown to stimulate Rac activity through activation of Rac guanine exchange factors [29] . Therefore, we hypothesized that T3 stimulation of ERG channels might be mediated by PI3-kinase activation of Rac. In support of our hypothesis, inhibition of PI3-kinase with 20 nM wortmannin [30] rectly to any one specific cell type in the pituitary, they have well characterized receptors and secretory responses to TRH and to T3 [17, 31]. We have demonstrated here that dominant-negative forms of the GTPases selectively block hormone signaling, and constitutively active forms of the GTPases fully reproduce the opposing effects of the hormones on ERG channel activity. Furthermore, both Rac and Rho act rapidly when the proteins are dialysed directly into the cell through the patch pipette, and their effects persist when the proteins are overexpressed. In other cells, Rho produces many of its effects on cytoskeletal organization through protein kinases [32] . In the mammalian neuroendocrine system, potassium channel inhibition by other ser/thr protein kinases has been widely documented [2], and ser/thr-directed protein phosphatase activity is required for reversal of TRH signaling in GH 4 C 1 cells [33] . Whether Rho kinases act directly on the channels or indirectly through inhibition of protein phosphatases [34] , RhoA activation by G␣ 13 could regulate ERG channels in heart muscle and other potassium channels in other cell types [4-6], such as the "M" type potassium channels (KCNQ2/3) in brain, which are mutated in various forms of human epilepsy [35] . [37] . Arachidonic acid metabolites have been reported to mediate hormonal stimulation of potassium channels through a ser/thr protein phosphatase [38, 39] , which could also mediate Rac antagonism of Rho kinase action. Regardless of the mechanism of Rac action, our discovery that Rac is as essential for potassium channel stimulation by thyroid hormone as it is for neurite extension in the developing nervous system [8] provides the first potential molecular explanation for the developmental neurological deficits associated with thyroid hormone receptor mutations [26, 40] , iodine-deficient diets, and environmental exposures to industrial organochlorine compounds, which reduce circulating levels of thyroid hormone [41] .
Our data indicating a requirement for Rac in potassium channel stimulation by thyroid hormone could also explain the rapid effects of thyroid hormone [36] and other nuclear hormones on excitability of other cell types [27]. Although Rac effectors have not been characterized as extensively as Rho effectors [3, 8], one Rac effector of interest in this context is phospholipase A 2

Conclusions
The data presented here demonstrate novel roles for Rac and Rho in the regulation of ERG potassium channels by the thyroid hormone, triiodothyronine, and the 
